Recent research emphasizes the importance of social factors during performance monitoring. Thus, the current study investigated the impact of social stimuli -such as communicative gestures-on feedback processing. Moreover, it addressed a shortcoming of previous studies, which failed to consider stimulus complexity as potential confounding factor. Twenty-four volunteers performed a time estimation task while their electroencephalogram was recorded. Either social complex, social non-complex, non-social complex, or non-social non-complex stimuli were used to provide performance feedback. No effects of social dimension or complexity were found for task performance. In contrast, Feedback-Related Negativity (FRN) and P300 amplitudes were sensitive to both factors, with larger FRN and P300 amplitudes after social compared to nonsocial stimuli, and larger FRN amplitudes after complex positive than non-complex positive stimuli. P2 amplitudes were solely sensitive to feedback valence and social dimension. Subjectively, social complex stimuli were rated as more motivating than non-social complex ones. Independently of each other, social dimension and visual complexity influenced amplitude variation during performance monitoring. Social stimuli seem to be perceived as more salient, which is corroborated by P2, FRN and P300 results, as well as by subjective ratings. This could be explained due to their given relevance during every day social interactions.
Introduction
Successful interaction with our environment requires us to constantly monitor our behavior and to adapt it accordingly in case of errors or unfavorable events. Although recent research claims that social factors are highly relevant during these monitoring processes (Koban & Pourtois, 2014) , laboratory models of performance monitoring often used simulated social settings or non-social feedback stimuli to investigate research questions in this regard (see, for example, Alexopoulos, Pfabigan, Lamm, Bauer, & Fischmeister, 2012; Kim, Liss, Rao, Singer, & Compton, 2012; Kujawa, Arfer, Klein, & Proudfit, 2014; Van Meel & Van Heijningen, 2010) . Thus, it is not well understood how social cues affect different stages of performance monitoring. Although studies created social evaluation situations or used social interaction stimuli such as faces, the feedback stimuli used varied from study to study, compromising comparability of the results (see, for example, Marco-Pallarés, Krämer, Strehl, Schröder, & Münte, 2010; Pfabigan, Alexopoulos, Bauer, Lamm, & Sailer, 2011; Sun & Yu, 2014; Warren & Holroyd, 2012) . Furthermore, recent research shows that even physical stimulus properties such as perceptual similarity or stimulus size affect neuronal correlates of performance monitoring in a bottom-up manner (Liu, Nelson, Bernat, & Gehring, 2014; Pfabigan, Sailer, & Lamm, 2015) . Thus, it is not clear yet whether the physical appearance of social stimulus properties (such as, for example, depictions of facial expressions or gestures used during social interaction) influence performance monitoring.
Previous findings on social feedback have been difficult to compare. One line of research investigated feedback in social judgement tasks (e.g., Somerville, Heatherton, & Kelley, 2006) . During a social evaluation scenario, participants had to judge whether unknown peers had given like or dislike judgements when seeing their faces. Thereby, effects of social evaluation (acceptance vs. rejection) and expectancy (expected vs. unexpected outcomes) were manipulated. Early feedback evaluation (FRN component) was mostly sensitive to expectancy violations (Dekkers, Van Der Molen, Gunther Moor, Van Der Veen, & Van Der Molen, 2015;  Van Der Molen, Dekkers, Westenberg, Van Der Veen, & Van Der Molen, 2016; Van Der Veen, Van Der Molen, Van Der Molen, & Franken, 2016) , while later ERP processing stages (P300 component) reflected expected acceptance judgements (Van Der Veen, Van Der Molen, Sahibdin, & Franken, 2014; or general expectancy effects (Dekkers et al., 2015) . In task versions that omitted the expectancy manipulation, early feedback evaluation was also reflecting acceptance vs. rejection judgements (Kujawa et al., 2014; Sun & Yu, 2014) . Moreover, Dekkers et al. (2015) presented the same feedback stimuli in a social and a non-social judgement condition. The authors observed that only later feedback processing phases were sensitive to the social dimension manipulation. However, while these studies created a social evaluative context in which feedback processing took place, the presented feedback stimuli were not social in nature since the authors used written words to indicate acceptance or rejection feedback. Other studies aimed to answer the question whether feedback stimuli depicting social communication cues (mostly emotional faces) are processed differently from non-social feedback stimuli. Schulreich, Pfabigan, Derntl, and Sailer (2013) and Pfabigan, Zeiler, Lamm, and Sailer (2014) found no consistent differences in amplitude variation of eventrelated potentials (ERPs) related to feedback processing. In contrast, Boksem, Ruys, and Aarts (2011) were able to show that internal performance monitoring is susceptible to social factors. When performance errors were committed in a socially disapproving setting (disgusted facial stimuli as targets), amplitude enhancement was observed compared to a socially approving setting (happy faces) or a control setting (sad faces). However, in these studies, stimuli were not matched for stimulus complexity or similarity, which are other physical stimulus aspects that could influence performance monitoring ERPs (Liu et al., 2014; Shigeto, Ishiguro, & Nittono, 2011) . Consequently, in the current study we confronted participants repeatedly with social and nonsocial feedback stimuli that were either high or low on subjective and objective complexity measures. Our aim was to assess whether previous inconsistent results could also be attributable to physical differences of feedback stimuli such as social interaction information or complexity of the stimuli used, or a combination of both.
As measures of performance monitoring processes, several ERPs have been repeatedly studied. Within 200 -300 ms after feedback onset, the Feedback-Related Negativity (FRN; Miltner, Braun, & Coles, 1997) can be observed at fronto-central electrode sites. The FRN is a negative deflection with more pronounced amplitudes for unfavorable compared to favorable, unexpected compared to expected, and salient compared to nonsignificant feedback outcomes (Alexander & Brown, 2011; Gehring & Willoughby, 2002; Miltner et al., 1997; . FRN amplitude variation can be seen as early stimulus evaluation on a coarse good vs. bad dimension (Hajcak, Moser, Holroyd, & Simons, 2006) . Recent research goes even further and describes FRN amplitude variation as an unsigned prediction error signal indicting the surprise of unexpected events (Hayden, Heilbronner, Pearson, & Platt, 2011; Talmi, Atkinson, & El-Deredy, 2013) . The FRN component is superimposed on the subsequent P300 component. This positive ERP deflection usually occurs within 300 -500 ms after feedback onset and is most pronounced at parietal electrode sites (Duncan Johnson & Donchin, 1977; Polich, 2007) . In the feedback context, P300 amplitude variation is assumed to reflect more elaborate stimulus processing reflecting motivational saliency and context updating in working memory (Bellebaum & Daum, 2008; Nieuwenhuis, Aston-Jones, & Cohen, 2005) . Prior to the FRN component, a positive deflection at frontal electrode sites peaking around 180 ms after feedback onset has gained attention in feedback tasks. The so-called P2 component is assumed to reflect early stages of attention capture and affective significance of target stimuli (Cuthbert, Schupp, Bradley, Birbaumer, & Lang, 2000; Potts, 2004; Potts, Martin, Burton, & Montague, 2006) . Since FRN and P2 components overlap, it is important to demonstrate experimental effects in both of them.
Our previous studies addressing the question whether or not the physical appearance of social feedback stimuli causes processing differences in comparison to non-social ones were confounded by stimulus complexity (Pfabigan et al., 2014; Schulreich et al., 2013) . Consequently, in the current study participants performed a time estimation task (Miltner et al., 1997) in which feedback consisted of either social complex, social non-complex, non-social complex, or non-social non-complex stimuli. In contrast to previous studies, we refrained from using emotional faces as feedback stimuli though. Emotional faces pose highly potent social cues with communicational functions (Rolls, 2000) , but their comparability is limited in regard to the social evaluative information they contain (Blair, 2003; Ekman, 2003) . For example, not all emotional faces displaying negative emotions communicate social disapproval comparably (e.g., disgusted faces communicate high, whereas sad faces communicate low disapproval). Instead, we used symbolic hand gestures as social stimuli to avoid bias introduced by emotional facial expressions. We consider symbolic hand gestures as social stimuli since they are used repeatedly in faceto-face interaction to express positive (e.g., approval, appeasement) and negative (e.g., insult, threat) meaning (Morris, 1994) . Izuma, Saito, and Sadato (2008) proposed that social gestures have also rewarding properties and Pika, Liebal, Call, and Tomasello (2005) suggested that symbolic (hand) gestures represent a distinct class of non-verbal communication signals that are unique to humans. This notion is further corroborated by neuroimaging and electrophysiological studies demonstrating distinct neuronal networks processing hand gestures (Flaisch, Schupp, Renner, & Junghöfer, 2009 ) and distinct ERP variation when comparing emotionally-laden vs. neutral hand gestures within the first 200-300 ms after stimulus presentation (Flaisch, Häcker, Renner, & Schupp, 2011) . Schupp, Flaisch, Stockburger, and Junghöfer (2006) claimed that symbolic hand gestures will be processed preferentially in perceptual representation regions and might thereby guide attention processing during visual stimulus perception. These findings highlight the specific role of symbolic hand gestures as non-verbal information signals in social interaction. In particular, we presented hands with thumbs up or thumbs down as social feedback stimuli to clearly indicate social approval (i.e., thumbs up) or disapproval (i.e., thumbs down) of the current time estimation. Of note, the actual meaning of distinct hand gestures is defined by convention and varies with culture (Morris, 1994) . However, worldwide social media phenomena such as Facebook, Twitter or YouTube apply a common language using non-verbal communication signals such as facial expressions and hand gestures. In particular thumbsup and thumbs-down -as used in the current studyare widely used symbols in social interaction. Plus and minus symbols were presented as non-social stimuli as comparably overlearned indicators of task performance. Stimulus complexity was manipulated using either naturalistic vs. comic thumbs, and symbols containing complex patterns vs. monochromatic coloring.
Within the current study, we aimed to investigate whether social interaction stimuli constitute a special class of feedback stimuli or not, and how stimulus complexity interacts with them. Human interaction is a crucial part of social cognition, therefore we assumed that stimuli depicting social interaction cues might be perceived as more salient than non-social ones (Adolphs, 2009; Dunbar, 1998) , which should be reflected in ERP variation. We hypothesized that FRN amplitudes would be sensitive to feedback valence (Miltner et al., 1997) , to the social dimension (Boksem et al., 2011; Kujawa et al., 2014; Sun & Yu, 2014) , and to the complexity of the stimuli (Liu et al., 2014; Shigeto et al., 2011) . We expected more negative FRN amplitudes after negative compared to positive, and after social compared to non-social stimuli. Concerning stimulus complexity, we had no directional hypothesis. We further hypothesized that P300 amplitudes would be sensitive to feedback valence and social dimension (Bellebaum & Daum, 2008; Dekkers et al., 2015; Pfabigan et al., 2015; Van Der Veen et al., 2014 . Larger P300 amplitudes were expected after positive compared to negative, and after social compared to non-social feedback. For P2 amplitudes, we hypothesized sensitivity to feedback valence and social dimension (Cao, Gu, Bi, Zhu, & Wu, 2015; Cuthbert et al., 2000; Rigoni, Polezzi, Rumiati, Guarino, & Sartori, 2010) . We expected larger amplitudes for social than non-social stimuli; we were not able to state a directional hypothesis for valence effects due to inconsistent previous results. Concerning potential interaction effects between social dimension, feedback complexity, and feedback valence, we had no directional hypotheses for all components. Additionally, we explored behavioral measures of the time estimation task concerning social dimension and complexity.
Methods

Participants
EEG
Twenty-six volunteers participated in the electroencephalography (EEG) study, of which two were excluded due to either data acquisition problems or limited compliance with task instructions. The remaining 24 participants (14 women) were on average 23.8 years old (SD = 2.5; range 20-29). All participants were righthanded (Oldfield, 1971) , had normal or corrected-tonormal vision and reported no prior or current psychiatric or neurological disorder. Written informed consent was obtained prior to the experiment. The study was conducted in accordance with the Declaration of Helsinki (7 th revision, 2013) and local guidelines of the University of Vienna.
Time estimation task
In a modified version of a previously used time estimation task (Miltner et al., 1997; Pfabigan et al., 2015 Pfabigan et al., , 2014 , participants were required to estimate the passing of one second and to indicate their estimation via button press. Each trial started with the presentation of a black fixation dot presented centrally on a grey screen. After 1000 ms a black star replaced the dot for 250 ms. The star indicated the starting point of each time estimation. Subsequently, a blank grey screen was presented for 1750 ms. During this period, participants could indicate the estimated elapse of one second via pressing button 1 on a standard keyboard, using the index finger of their right hand. Exactly 2000 ms after the onset of the star, feedback was presented for 1000 ms to indicate the accuracy of time estimation. The subsequent inter-trial-interval depicted again the black fixation dot and varied randomly between 1400-1600 ms. Feedback was provided based on individual performance. However, task difficulty was adjusted to the individual performance level to guarantee comparable numbers of correct and incorrect trials. Each participant started initially with the following criteria: Positive feedback was given in cases in which the button press fell in the time window of 900 to 1100 ms after the onset of the star. Subsequently, the width of this time window was automatically adjusted based on individual performance on the preceding trial (Miltner et al., 1997) . After a trial with positive feedback (i.e., a correct time estimation), the time window was narrowed down by 10 ms at both ends of the window (e.g., 910 to 1090 ms after the initial trial). After a trial with negative feedback (i.e., an incorrect time estimation), the time window became wider again by adding 10 ms at both ends. Consequently, the overall probability of positive and negative feedback was approximately 50 percent for all participants. Social feedback stimuli consisted either of naturalistic or comic hand gestures of "thumbs up" or "thumbs down" (indicating either positive of negative feedback). Non-social feedback stimuli consisted either of black monochrome or black patterned "+" or "-"symbols (indicating either positive or negative feedback). Naturalistic hands and patterned symbols were considered as complex stimuli, while comic hands and monochromatic symbols were considered as non-complex stimuli -see Figure 1 for illustration. Thumbs up/down stimuli were presented in an allocentric perspective to emphasize that feedback is given externally. Stimuli were presented on grey background and were comparable in size and luminance as assessed with the Photoshop Elements 9.0 histogram function (Adobe Systems, San Jose, CA). Initially, several stimuli were created per category and these were rated online in a pre-study by 38 individuals who did not take part in the EEG experiment (28 women, on average 24.0 years; SD = 4.6; range 17-34) concerning stimulus complexity on a 7-point Likert scale (very simple to very complex). Based on a repeated-measures ANOVA (factors social dimension, feedback complexity, and feedback valence), four complex and four non-complex stimuli were chosen for which subjective complexity ratings differed for complex vs. non-complex stimulus characteristics (F(1,37) = 39.41, MSE = 2.77, p < .001, η p 2 = .52), but not for positive vs. negative (F (1,37) = 0.76, MSE = 0.43, p = .388), or social vs. nonsocial stimulus characteristics (F(1,37) = 3.93, MSE = 2.27, p = .055; all interaction p-values > 0.081). In addition, objective measures of stimulus complexity were extracted for these eight stimuli such as PNG and TIFF compression rates (Marin & Leder, 2013) or Canny edge detection (Forsythe, Sheehy, & Sawey, 2003;  in press), which ostensibly corroborated the results of the subjective stimulus rating -see Table 1 . Participants were explicitly instructed that the content of the feedback stimuli did not contain additional information concerning their time estimation. They were told that they should consider social complex, social non-complex, non-social complex, and non-social non-complex feedback symbols as equivalent indicators of their time estimation accuracy. By explicitly instructing participants to regard all stimulus categories as equal indicators of performance feedback, we aimed to avoid any confounds of subjective theories regarding the purpose of the current experiment. The experiment consisted of 32 training trials and 400 experimental trials. The respective 100 trials depicting either social complex, social non-complex, non-social complex, and non-social non-complex were presented block-wise as previously suggested (Pfabigan et al., 2014) . In total, the experiment was divided into four blocks of 100 trials each to offer participants short rests. Block order was randomly assigned separately for each participant. Overall EEG data collection lasted about 45 minutes. Afterwards, participants rated the presented feedback stimuli regarding motivational significance (not motivating vs. very motivating) and arousal (very calm vs. very exciting) on 7-point Likert scales. At the end of the experiment, they received a financial remuneration of €20 for their participation. 
EEG acquisition and analyses
Stimulus presentation was controlled by E-Prime 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA). Participants were seated in a sound-attenuated, shielded chamber approximately 70 cm in front of a 19" CRT monitor (Sony GDM-F520; 85 Hz refresh rate).
EEG was recorded via 59 Ag/AgCl ring electrodes embedded in a fabric electrode cap (EASYCAP GmbH, Herrsching, Germany; model M10). Additionally, four electrodes were placed 1 cm above and below the left eye, and on the outer canthi to measure horizontal and vertical electro-oculogram (EOG). EEG signals were collected with a DC amplifier set-up (NeuroPrax, neuroConn GmbH, Ilmenau, Germany), referenced online against an additional electrode on the forehead serving as ground electrode, and sampled at 500 Hz for digital storage.
Behavioral data analysis
Differences in response times were calculated per participant and condition between each trial and its preceding trial to describe changes in response times evoked by directly preceding feedback. These mean trial-to-trial changes were further separated for trials in which reaction time changes were classified as correct adjustments (i.e., the current estimation was closer to 1000 ms than the previous one) and those classified as incorrect adjustments (i.e., the current estimation was farther away from 1000 ms than the previous one; Pfabigan et al., 2015) . These changes in response time were subjected to a 2 x 2 x 2 × 2 repeatedmeasures ANOVA with the within-subject factors social dimension (social vs. non-social), feedback complexity (complex vs. non-complex), feedback valence (negative vs. positive), and estimation adjustment (incorrect vs. correct) to investigate time estimation changes as a function of feedback conditions. Post-experimental ratings concerning motivational significance and arousal were analysed separately using 2 × 2 × 2 repeated measures ANOVAs with the within-subject factors social dimension, feedback complexity, and feedback valence.
EEG data analysis
EEG data were analysed using EEGLAB 11_0_5_4b (Delorme & Makeig, 2004) . FRN peak amplitudes (interval 200 -300 ms after feedback onset) and the peak amplitude values of the preceding positive P2 peak were extracted for all conditions at electrodes Fz, FCz, and Cz (Hajcak et al., 2006; . The FRN peak-to-peak values and the P2 base-to-peak values were subsequently merged for the three electrodes as suggested by Luck and Gaspelin (2017) to increase signal-to-noise ratio. Feedback studies almost exclusively assess FRN (and P2) amplitude variation at fronto-central sites (Walsh & Anderson, 2012) . The P300 component was assessed as peak-to-peak measure subtracting P300 peak values from the preceding N2 peak. P300 amplitudes (interval 250-500 ms after feedback onset) were extracted for all conditions at electrode site Pz. FRN, P300, and P2 measures were analysed separately with three-way repeated-measures ANOVAs with the within-subject factors social dimension (social vs. non-social), feedback complexity (complex vs. non-complex), and feedback valence (negative vs. positive). Furthermore, assessing peak values for FRN, P300, and P2 components allowed investigating latency variation. FRN, P300, and P2 latency values were submitted to separate ANOVAs with the factors social complexity, feedback complexity, and feedback valence. FRN and P2 peak latencies were measured from feedback onset to the corresponding FRN/P2 peak at merged electrodes Fz, FCz, and Cz; P300 peak latency from feedback onset to the corresponding P300 peak at Pz.
Statistical analyses were performed using PASW 18 (SPSS Inc., IBM Corporation, NY) and Statistica 6.0 (StatSoft Inc., Tulsa, OK). Significant interaction effects were explored with HSD Tukey post-hoc tests. The significance level was set at p < .050. Partial eta-squared (η p 2 ) is reported to indicate effect sizes for significant ANOVA results. Values of η p 2 = .01, η p 2 = .06, and η p 2 = .14 represent small, medium, and large effects (Kirk, 1996) . significant (all p-values > .168). Descriptively, both after negative and positive feedback, response times changed more for correct than incorrect adjustments. Posthoc analysis of the feedback valence x estimation adjustment interaction revealed that trial-to-trial changes in reaction times were largest after negative feedback yielding a correct estimation adjustment (all p-values < .001). No differences in trial-to-trial changes in response time were observed between negative and positive feedback leading to an incorrect estimation adjustment (p = .131). Correct estimation adjustments after positive feedback yielded larger trial-to-trial changes compared to both incorrect adjustments (both p-values < .001), but smaller changes compared to correct adjustments after negative feedback (p < .001). Post-experimental ratings of motivational significance showed significant main effects of social dimension (F(1,23) = 8.97, MSE = 2.87, p = .006, η p 2 = .28) and feedback valence (F(1,23) = 51.67, MSE = 4.18, p < .001, η p 2 = .69), and a significant social dimension x feedback complexity interaction (F(1,23) = 6.98, MSE = 1.06, p = .015, η p 2 = .23). The remaining effects were not significant (all p-values > .131). Positive feedback stimuli were rated as more motivating than negative ones. Concerning the interaction effect, Tukey post-hoc tests showed that social dimension affected the ratings of complex stimuli as social complex stimuli were perceived as more motivating than non-social complex ones (p < 0.001). For non-complex stimuli, no effect of social dimension was observed on the ratings (p = 0.367). Post-experimental ratings of arousal only showed a significant main effect of feedback complexity (F(1,23) = 6.43, MSE = 2.54, p = .018, η p 2 = .22) -complex feedback stimuli were rated as more arousing than non-complex ones. The factor social dimension did not reach significance (F(1,23) = 3.70, MSE = 2.73, p = .067, η p 2 = .14) -social stimuli were rated by trend as more arousing than non-social ones. The remaining effects were not significant (all p-values > .318).
Results
Behavioral results
EEG results
The Feedback complexity (F(1,23) = 3.11, MSE = 9.01, p = .091) and the remaining interactions (all p-values > .297) were not significant. P2 amplitudes were larger following social than non-social and positive than negative feedback. Tukey post-hoc tests for the social dimension x feedback valence interaction showed that P2 amplitudes were smallest after non-social negative feedback (all p-values < .001); social positive and nonsocial positive feedback did not differ from each other (p = .099). The P2 latency ANOVA model yielded only a significant effect of social dimension (F(1,23) = 8.42, MSE = 359.23, p = .008, η p 2 = .27). P2 amplitudes peaked earlier after social than non-social feedback. Using a peak-to-peak-to-peak approach (Yeung & Sanfey, 2004) to assess FRN amplitude variation yielded comparable effects: social dimension (F(1,23) Feedback complexity (F(1,23) 
Discussion
In the current study, we assessed whether or not social dimension and stimulus complexity influence performance monitoring ERPs during repeated feedback stimulus presentation. Our results demonstrate that social dimension was reflected in all ERPs, yielding enhanced FRN and P300 amplitudes (and partly also P2 amplitudes) for social compared to non-social feedback stimuli. In contrast, stimulus complexity influenced ERP amplitude variation more subtly; enhanced FRN amplitudes were observed for complex positive compared to non-complex positive ones, by trend enhanced P300 amplitudes for complex negative compared to complex positive ones, but no significant effects on P2 amplitudes. In contrast, behavioral performance measures were not significantly affected by the experimental manipulation.
The current results indicate that social stimuli were processed differently than non-social ones during repeated feedback processing. Both FRN and P300 amplitude enhancement can be interpreted as enhanced stimulus salience of social compared to non-social feedback stimuli (Alexander & Brown, 2011; Bellebaum & Daum, 2008; Gehring & Willoughby, 2002) and enhanced processing ease of social stimuli (Cacioppo, Crites, Berntson, & Coles, 1993) . Given their specific relevance for social interaction (Adolphs, 2009; Dunbar, 1998) , it is not surprising that social stimuli were categorized and processed more elaborately, which was reflected in a rather global effect on both ERPs irrespective of feedback valence. Supporting this assumption, both P2 and FRN latencies were shorter for social compared to non-social stimuli, again emphasizing an early processing advantage of social stimuli. Findings by Van Der Veen, Roder, Mies, Van Der Lugt, and Smits (2011) corroborate the current global effect of social dimension on FRN amplitude variation. Using functional imaging, the authors compared neuronal activation patterns of verbal (i.e., non-social) vs. facial (i.e., social) feedback stimuli and reported comparable activation patterns in the rostral cingulate zone for positive compared to negative feedback, a part of the cingulate cortex that is reported to contribute to the generation of the FRN component (Debener et al., 2005) . Although facial feedback yielded a larger activation network than verbal feedback, the difference between negative and positive feedback was not affected by feedback type, i.e., not affected by the social dimension of the stimuli. In a similar vein, metaanalytic results by Koban and Pourtois (2014) showed, among others, overlapping activation patterns for the social and the performance monitoring domain in the dorsal medial frontal cortex, again a region comprising neuronal generators of the FRN component (Debener et al., 2005) . Within their meta-analysis, the authors proposed a neuronal framework to explain the effects of social (and also affective) contextual influences on performance monitoring. They assumed the dorsal medial prefrontal cortex (dMPFC)/anterior midcingulate cortex (aMCC) as the first processing hub dealing with a fast and often automatic detection of errors, response conflicts, or reward prediction errors -i.e., reflecting a coarse distinction in favorable vs. unfavorable events which already incorporates top-down contextual influences. The second processing hub was assumed as the anterior insula, which might be more relevant for more elaborate aspects of performance monitoring. For example, the integration of outcomes, agency, and social context information could take place here, which could lead to more complex emotional experiences such as social emotions. Koban and Pourtois's hypothesis is based on the idea of integrative processing of affect and performance monitoring outcomes in dorsal medial frontal cortex and the anterior insula as suggested previously (Pessoa, 2008; Shackman et al., 2011) . Our current results corroborate the suggestion of the dMPFC/aMCC as the first and rather automatic processing hub regarding social context factors and performance outcomes since FRN amplitude variation was sensitive to the physical appearance of the social feedback stimuli. Our results are further in line with studies showing that top-down influence of social context (e.g., competitive vs. cooperative settings; see, for example, Marco-Pallarés et al., 2010; Van Meel & Van Heijningen, 2010) are already reflected in FRN amplitude variation. While these studies solely investigated top-down influence of social context information (via realistic or simulated social settings), our manipulation should be regarded as a combined bottom-up and top-down approach of the impact of social information on performance monitoring. The physical feedback appearance allowed rapid and spontaneous stimulusdriven bottom-up saliency to take effect, whereas the knowledge of only one stimulus category being NS = non-social; S = social; NC = non-complex; C = complex; neg = negative; pos = positive.
presented could be considered as top-down influence. However, in comparison to studies introducing social settings such as competition or cooperation, the current top-down influence should be considered as rather weak. We assume therefore that stimulus-driven bottom-up processes contributed considerably to the observed ERP variation, which is in line with effects observed after social top-down manipulations. Our experiment further supports the notion of a "common neural currency" (Ruff & Fehr, 2014; Saxe & Haushofer, 2008) during reward processing since social and nonsocial stimuli resulted in comparable result patterns. Of note, P300 latencies, which are often interpreted as indicator of stimulus classification demands (Kutas, McCarthy, & Donchin, 1977) , were not sensitive to the social dimension of the feedback stimuli. In line with a previous study, positive feedback, in particular noncomplex positive, was easiest to process as indicated by earlier P300 peaks.
P2 amplitude variation is interpreted as early attentional processing (Potts, 2004; Potts et al., 2006) , thus, positive and negative social and positive non-social stimuli captured more attentional resources than nonsocial negative ones in the current task. This pattern deviates from those observed for the subsequent ERPs, thereby indicating that P2 amplitudes reflect a distinct processing stage in the current study.
In contrast to previous studies, the current study used hand gestures instead of emotional facial expressions as social feedback stimuli, although both stimulus categories imply social judgement without another person actually being present and serve communicative functions. Not surprisingly, communicative cues such as emotional gestures attract attention rapidly and reflexively and affect subsequent processing (Laidlaw, Foulsham, Kuhn, & Kingstone, 2011; Teufel et al., 2009) . For example, early attentional processing indexed by P1 amplitude variation already differentiates between communicative hand gestures depending on their emotional content (Flaisch et al., 2011) . Hand gestures can signal social judgement, which per se could increase the salience of the current situation. In line, FRN amplitude variation was enhanced by the mere presence of another person who was not involved in the experimental procedure in a recent study (Tian et al., 2015) . The authors assumed that the induction of a social context was enough to induce additional motivation for task performance. The same effect might be at work when using social instead of non-social feedback stimuli. Thus, the mere implicit assumption that another person is evaluating oneself might be sufficient to increase motivational significance of task performance. Indeed, a study by Hajcak, Moser, Yeung, and Simons (2005) explicitly found that error salience can be increased by letting participants believe that someone else is evaluating their performance. Furthermore, studies inducing competition as experimental manipulation reported enhanced FRN amplitudes after negative compared to positive feedback for active competition compared to playing alone (Van Meel & Van Heijningen, 2010) . Moreover, when receiving evaluative verbal performance feedback, enhanced FRN amplitudes were observed for feedback in participants' mother tongue compared to feedback in a second language (Gao, Zika, Rogers, & Thierry, 2015) . This suggests that performance feedback in one's mother tongue is more motivating than feedback in another language, even when controlling for valence and arousal differences between languages. Together, these studies support the assumption that the physical appearance of social feedback cues can induce additional motivation during task performance and increase stimulus salience.
The current results were obtained using social stimuli which had no explicit social meaning in our experimental context. The effects of social dimension on feedback ERPs might be even stronger when combining social stimuli (such as gestures or facial expressions; applying a bottom-up approach) with explicit social consequences (e.g., social evaluation or comparison processes; applying a top-down approach) because of increased stimulus saliency. Future studies should aim to combine bottom-up and top-down approaches when investigating social aspects of performance monitoring.
We did not observe any significant effects of social dimension on performance correlates of the task. The time estimation task is a rather simple cognitive task and individual performance might therefore be immune against external manipulations as long as feedback valence is easily extractable form the stimuli. However, it is also possible that effects of social dimension are rather subtle and require larger samples to be picked up reliably. Nevertheless, the current null result is in line with studies in which the manipulation of physical stimulus size (Pfabigan et al., 2015) or assigned vs. explicit feedback stimuli (Pfabigan et al., 2014 ) did not influence behavioral task correlates. Importantly, corroborating the FRN results, post-experimental stimulus ratings indicated that social complex stimuli (i.e., thumbs up/down) were perceived as more motivating than non-social complex ones (i.e., patterned symbols).
In line with previous research showing the susceptibility of feedback ERPs regarding physical stimulus properties (Liu et al., 2014; Pfabigan et al., 2015) , FRN and P300 amplitude variation was also affected by our stimulus complexity manipulation. For FRN amplitudes, a differentiation between complex and non-complex stimuli was observed for positive feedback. Thus, our complexity manipulation might affect in particular neural correlates of reward processing (Proudfit, 2015) , while neuronal correlates of error processing (i.e., negative feedback) were less sensitive to it. In contrast, for P300 amplitudes, a trend of larger amplitudes for complex negative compared to complex positive stimuli was observed, which could reflect different processing effort (Cacioppo et al., 1993; Ito, Larsen, Smith, & Cacioppo, 1998) . This observation contradicts previous findings in which positive feedback stimuli generally elicited more positive P300 amplitudes than negative ones (Bellebaum & Daum, 2008; Pfabigan et al., 2015) . Subjectively, complex stimuli were rated as more arousing than non-complex ones. Enhanced arousal irrespective of the blocked stimulus presentation might be one contributing factor to the observed FRN (and P300) amplitude enhancement for complex compared tonon-complex stimuli. However, the observed effects could also be explained by perceptual processing demands of complex compared to non-complex stimuli. Although not directly tested on FRN amplitudes yet, researchers manipulating stimulus complexity observed subsequent amplitude variation on the ERPs in question. For example, Song et al. (2005) investigated perceptual learning of simple and complex stimuli and observed that complex stimuli led to P300 amplitude enhancement. They argue that attentional processes might be responsible for that. This could be explained by the perceptual load theory (Lavie, 1995) hypothesizing that stimuli with high perceptual load require more early attentional selection than low perceptual ones. In line with this theory, Shigeto et al. (2011) observed more pronounced N2 amplitudes (a negative amplitude deflection approximately in the same time range as the FRN component (Folstein & Van Petten, 2008) after complex compared to non-complex stimuli. Relating these findings to the current results, we could suggest that complex stimuli required more cognitive processing because of increased perceptual load, yielding enhanced feedback ERP amplitudes compared to noncomplex stimuli.
A limitation of the current study pertains to the fact that both the hand gestures and the symbols inherently contained valence information, and thereby emotional meaning, which was over-learned and culture-specific. It has been reported that emotional stimuli capture attention preferentially because they signify motivationally relevant information (Weinberg & Hajcak, 2010) . Thus, we cannot exclude the possibility that effects of social dimension were confounded by emotionality of the stimuli, which might have been larger for social than non-social cues. Moreover, as suggested by Marin and Leder (2013) , investigations of stimulus complexity often failed to address or incorporate the affective stimulus content, which is omnipresent in our everyday life. Future studies should therefore create social and non-social stimuli that do not contain predefined valence information and further investigate the current research question.
The current complexity manipulation could not completely eliminate the fact that social stimuli are often perceived as more complex than non-social ones. This was also observed in the pre-experimental rating in which participants assigned by trend higher complexity ratings to social compared to non-social stimuli. Objective complexity measures point descriptively in the same direction. Moreover, even positive and negative stimuli might differ in their degree of complexity (e. g., plus vs. minus symbols used in previous studies). Our complexity results should therefore be regarded with caution although we did not observe any interaction effects of social dimension and feedback complexity in our ERP results.
Future experiments applying the time estimation task could address dynamic changes in time estimation also on the neural level by considering the differentiation between correct and incorrect estimation adjustments in their EEG analyses.
Conclusion
Using a bottom-up approach as experimental manipulation, both social dimension and feedback complexity independently influenced P2, FRN, and P300 amplitudes in response to feedback stimuli. Thus, social and complex feedback stimuli seem to be more salient and motivating feedback stimuli than non-social and non-complex ones. This could be explained by their given relevance during every day social interactions and further points to the suggestion that social interaction stimuli might represent a special class of feedback stimuli. Their application could be of particular interest for therapeutic settings to implicitly enhance patients' motivation.
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